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[57] ABsTRAcr

Optical refrigerator using reflectivity-tuned dielectric mir-
rors. Selected working materials can be optically pumped
using monochromatic radiation such that the resulting fluo-
rescence has an average photon energy higher than that of
the pumping radiation; that is, net anti-Stokes fluorescence.
If the quantum efficiency is sufficiently high, the working
material will cool and optical refrigeration can be achieved.
Parallel mirrored faces are employed to increase the optical
path of the incident pumping radiation within the working
material by multiple reflections. Reflectivity-tuned dielectric
mirrors which allow higher-energy fluorescence photons to
readily escape from the working material while inhibiting
the escape of the lower-energy photons which are conse-
quently partially trapped in the working material and uhi-
mately reabsorbed and refluoresced at higher energies are
employed. This increases the optical refrigerator efficiency.
An efficient geometry for the cooling material is a disk
having a large diameter and a small height, since the
fluorescence can predominantly escape through the tuned
mirror on one end face of the working material. An alter-
native cooling element could be approximately cubic with
tuned mirrors on the sides as well as on one end. In another
embodiment of the invention, photocells are used to convert
escaping fluorescence energy into electricity, thereby reduc-
ing the power requirements of the optical refrigerator and
reducing the amount of waste that must be removed from the
vicinity nf the working material.

13 Claims, 8 Drawing Sheets
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OPTICAL REFRIGERATOR USING
REFLECI’IWTY TUNED DIELECTRIC

MIRRORS

This application claims the benefit of U.S. Provisional
Application No. 60/fb!ll~67, filed Apr. 10, 1998.

FIELD OF THE INVENTION

‘l%e present invention relat= generally to laser-induced
optical mfiigeration using a working material having net
anti-Stokes fluorescence and more particularly, to optid
refrigeration using reflectivity-tuned dielectric mimom to
shift the fluorescence spedrum to higher energies, thereby
increasing re~erator efficiency. This invention was made
with government supwrt un&r tintract No. W-7405-ENG-
36 awarded by the U.S. Department of Energy to The
Regents of the University of California. The government has
certain rights in the invention.

BACKGROUND OF THE INVENTION

The basic cooling mechanism of a fluorescent refrigerator
requires a wodfing material to absorb substantially mono-
chromatic electromagnetic radiation at one frequency and
then emit fluount radiation that h- on the average, a
higher tkequency. More energy is thereby removed from the
working material than is introduml into the materi~ the
diiTerence between the output ene~ flux and the input
energy flux king supplied by the thermal energy of the
working materiaL Re-cmt laboratcny measurements have
demonstrated km-induced optical refrigeration in both
solids and liquids. See, e.g., C. E. Mungan et al., Phys. Rev.
Left- 78,1030 (1997) and J. L. Clark and G. Rumblfi, Phys.
Rev. Left. 76, 2037 (1996), respectively.

In U.S. Pat. No. 5,447,032 for “Fluorescent Re6igers-
tion” which issued to Richard I. EPin e~ aL on Sep. 5,
1995, one embodiment of an optical refrigerator is
descnlred. Therein, the working material is a cylinder with
two opposing faces coated with a high-reflectivity dielectric
mirror. bser light enters through a smrdl hole in one of the
mirrors and is trapped in the material by reflection tlom the
mirrors md by internal refleckm from the otkr sides of the
cylinder. The pump light is eventually absorbed by the
working material which then fluoresas at bigher energy.
Ideally, the fluorewcnce escapes carrying heat thm the
working materiaL The object to be cooled is plad in
thermal contact with the second of the mirro~ so that it is
both shaded horn the escaping tluoreaeent radiation and
do= not absorb the laser light.

Eliiciency and pwer of an optical refrigerator are limited
by radiation transfer effects. That is, some of the fluores-
amce radiation is reakmbed by the cooling materia~
thereby changing the spectrum of the energy that uldnmtely
escapes. Such reabsorption shifts the escaping fluorescent
photons to lower energk, degradirrg the rehigemtor per-
formance. If the fluoresmrt quantum efficiency is ti-
ciently high, however, the solid will cd. R. 1. Epstein et al.
in Nature 377, 5CMI(1995) demonstrate that a solid may be
optically pumprl using monochromatic radiation such that
the resulting fluorescence has an average photon energy
higher than that of the pump radiation. This tirst experimen-
tal ver-ik.ation of cooling Ed a rectangular block of
ytterbium-doped metal fluoride gla= (Yb3+-doped
ZBLANP, a heavy metal fluoride gla= containing
zirconium, barium, lanthanum, aluminum, sodium and lead)
and displayed a 2% cooling efficiency. Optical reiiigeration
can therefore be used to produce a practical opticdl rehig-

5

10

15

20

n

30

35

40

45

50

55

60

65

2
erator using currently available solid-sla[e lwhnology which
would produce no vibrations and neither generate nor be
affected by electromagnetic interference.. It is estimated by
the authors that, by using ‘-doped ZBL4NP, this device
would CQO1to S77 K born room temperature, convert
-0.5% of the applied electric power to heat lift at 77 L
weigh k than 2 kg per watt of cooling power, and have
many yearn of continuous operating lifetime.

‘he cooling efficiency of a fluorescent refrigerator is
enhanced if the difference twtween the frequencies of pump
radiation and the mean fluorescent radiation is increased.
‘fhis alw d~ the waste 13cal that has to be removed
ad allows optical refrigerators to operate at high powers.
Conversely, if the fluorescence is shifted to lower
frquenci+ the ccdiog efficiency decreases

Accordingly, it is an objecl of the present invention to
shift the fluorewmce spectrum of an optical ~frigerator to
higher energies, thereby improving refiigeratnr efficiency.

Another object of the present invention is to shift the
fluorcsmtce s~ctmm of an optical refrigerator by modify-
ing the shape of the cooling element and by tuning the
wavelength dependence of the reflectivity of dielectric mir-
rors employed for this purpcsc.

Yet another object of the invention is to convert the
escaping fluo~nce radialion to electrical power, thereby
increasing the cooling efficiency.

Additional objects, advaotag= ard novel featunx of the
invention will be set forth in part in the desa-iption which
follo~ and in part will become apparent to those skilled in
the art upon examination of the following or may be learned
by practice of the invention. The objeds and advantages of
the invention may be realized and attained by means of (he
instrumentalities and combinations particularly pointed out
in the appended claims.

SUMMARY OF THE INVENTION

To achieve the foregoing and other objects, and in accor-
dance with the purprMs of the present invention, as embod-
ied and broadly described hereh the ceding appardus
hereof may include a sourm of substantially monochromatic
light having a chmerr wavelength a working material hav-
ing atoms with energy levels such that a small number of
energy levels in an excited state thereof are diredy excited
by the chosen wavelength of light from the ground ene~
level of the ato~ such that the energy levels in the excited
state which are not direclly excited have an energy spacing
which permits thermal redktributio~ and such that fluores-
cence to the ground state ~n pretkmmtially cam from the
thermally redistributed energy leve~ whereby the average
fluo-nce wavelength to the ground-state level is shorter
than the chosen wavelength of light. The working material
has Iirst and second flat, spad-ap@ substantially parallel
dielectric-coated faces wparsted such that the optic-d depth
for the fluorescent therebeWecn is small. The dietic
~m on the tit face is highly reflective for the chasen
wavelength of the pump light while having significant
transmission fix the shorter fluormnce wavelengths md
high reflectivity for the longer wavelengths thereof, while
the dielectric coating on the second bee is highly reflective
at wavelengtha which include that of the chosen pump
wavelength of light and all the wavelengths of the fluores-
cmce. The pump light is dimctcd into the working material
through an uncoated portion of the first face such that the
opticdl pathlength of the pump light within the worhg
material between the faces is large as a result of multiple
reflections of the light between the dielectric aatirrga. The
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object 10 be cooled is placed in thermal contact with the
dielectric mating on the stand face of the working mate-
rial.

[t is preferred that the object to he cooled and the working
materird are thermally isolated tlom external heat sounxs.

Preferably, the working material is cylindrical in shape
with tuned mirrors on the parallel ends thereo~ or cubic in
shape with tuned mirrors on the sides as well as the end
faces.

It is ah preferred that the ratio of the diameter to the
height of the cylinder is greater than about five.

Preferably also, the fluorescent radiation exiting the work-
ing material is atmorbed by photocells for anverting the
ftuoracence energy into electricity.

Benefits and advantages of the present invention include
a cryocooler that can be fully solid-state, which has sub-
stantial cdirzg efficiency, and wbicb is vibration-bee.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of the specificatio~ illustrate several
embodiments of the present invention and, together with the
deacriptio~ serve to explain the principles of the invention.
In the drawings:

FIG. 1 is a schematic representation of a side view of one
embodiment of the optical rehigerator of the present ioven-
tion illustratin~ in particular, the use of a reliectivity-tuned
dielectric mirror on one fam to permit the fluorescence
radiation to escape horn a thin cylinder of the working
material, while trapping the pumping radiation inside of the
working materia~ and while the mirror on the opposing hce
of the cylinder preventa the object being cooled from being
exposed to either the fluoresceoa radiation or the pumping
radiation.

FIG. 2 is a dematic representaticm of a side view of a
aecand embodiment of the present optical refrigerator which
is similar to that shown in FIG. 1 hereo~ except lhal
photocells are disposed facing the reflectively-tuned dielec-
tric mirror such that they intercept the lluorescencz radiation
exiting the working material md convert this energy into
electricity, thereby increasing the efficiency of the cptical
cder.

FIG. 3 is a schematic representation of a side view of a
third embodiment of the present optical refrigerator which is
similar to that slmwn in FIG. 2 hereof, ex=pt that the
working material is rectmgular in shape and has reflectivity -
tuned dielaXric mirrors on five of its sid+ the sixth side
having a broad-band reflective surface to prevent eitlwr the
pump radiation or the fluorescmce radiation fium reaching
the object being mol~ and photdiodes are dispsed facing
these five surfati.

FIG. 4 shows the band-pass characteristics of the dielec-
tric mirror intended to be employed in the apparatus illus-
trated in FIGS. 1-3 hereof, for normal incidence radiation
(Curve a) ad for escaping fluoreacmce radiation (Curve b).

FIG. 5 shows the Iluoresceiwe spedrum of Yb-doped
Z13LAN glass at 75K without using the filter described in
FIG. 4 hem-of.

FIG. 6 shows the shift (AA) in the mean fiuorexwx
wavelength nf the escaping radiation achieved for values of
the characteristic wavelength of the tuned dielectric mirror,
L“, between 1.1 md 13 ,um as a function of the Recycle
Factor, which is the faclor by which the escaping fluorcs-
cerrce radiation is reduced by the reflectivity-hmed dielectric
mirror (Cwwe a), and L* as a function of the Recycle Factor
(Curve b).
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4
FIG. 7 slmva the increase in the efficiency of lbe optiml

refrigerator as a function of the Recycle Factor for operation
at 75K

FIG. 8 shows the power conversion efficiencies for dif-
fered photocell typs as a function of incident wavelength
of light.

DETAILED DESCRIPTION

selected working materials can be optkdly pumpsd using
monochromatic radiation such that the, resulting fluores-
cence has an average photon energy higher than that of the
pumping radiation; that is, net anti-Stokes tluor=nce. If
the quantum efficiency is sut3iciently bi@ the working
material will mol, and optical refrigeration can be achieved.
U.S. Pat. No. 5,447,032, supra, the teachings of which are
hereby incorporated by reference herein, describ= the basic
apparatus for achieving optical cooling. SpecifLcaUy, the
wodring material has two parallel mirror surfaces, the pump-
ing rsdialion being introduced into the material through one
surface. Briefly, the present invention includes the w of a
reflectivity-tuned dielectric mirror in this basic apparatus in
plats of the mirror aurfsce into which the radiation is
introduced The dielectric mirror is selected to allow bigher-
em.rgy fluorescent photona to readily escape while inhibiting
the escape of the lower+ nergy photons. That & a bigher-
energy fluo-nt photon emitted in the direction of the
tuned mirror has a high probability of escaping the fiat time
it reaches the surface. However, if the same photon is
emitted in the direction of the second (broad-band) mirror,
which reflects substantdly all photons, the higher+mergy
photon will be reflected from [hat surface and eventually
reach the tuned mirror through which the photon can escape
the working matetil. Lower-energy fluoresunt photons
have a high likelihmd of king reflrzted flom either mirror.
These Iower+neqg photons are thereby partially trapped in
the working material ad have a geater probability of being
reabsorbed and refluoreaced at higher energies. Tbia
increases the cooler efficiency. Sin= the fluorescence would
predominantly escqw through a tuned mirror on one end of
the working materia~ an efficient geome~ for the cooling
materird is a disk having a large diameter and a small height
(the totally reflecting mirror at the other end, and the internal
reflections from the side of the disk etlkctively preventing
the fluorescence from escaping elsewhere). lle working
material can then be made as large as ❑eeded to accommo-
date the required cooling power. A highly thermally con-
ducting layer, such as diamon~ sapphire or a metallic layer,
can be placed over the broad-band dielectric *or to assist
in transferring heat tiom the object to be cooled to the
working material. The cooling efficiency for the spedic
case of a ytterbium-based tmoler with mirrors tuned to allow
esca~ of radiation of wavelengths simrter than 970 nm has
been calculated to incre= from 6% to about 9% at rcom
temperature, from 2% to 5% at 100~ and horn about 1.5%
to 3% at 130K llxse improvement will render optical
~mra~m mom eficient than commercially available
small mwhanical coole~ thereby greally increasing the
commercial @enlial of optical retiigerators.

Three consideratiorzs are utilized in determining the size
ad shape of the working materiaL and the characteristics of
the reflectivity-tuned dielectric mirrors: (1) if the working
material has the shape of a thin d~ the diameter-to-
tbicknes ratio should be greater than approximately 5, the
thickness king chosen so that the probability that a fluo-
rescmt photon is ahorbcd (optical depth) in traversing the
thichss of the &&is&than O.* (2) the diek.dric mkror
atone end of the disk (the end opposite that which the object
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tolx cooled ia attached) is tuned such that the reflectivity al
the wavelength of the pump radiation is as high as possible
(ZO.999) while the transmission for the bigknergy portion
of the fluorescence spectrum remains high (Z80%) and the
reflection at the low-energy portion of the fluorescence
s~ctrum is high (Z90%); and (3) the mirror on the end of
the working material to which the objed [o lx moled is
attached is a broad-band reflecting dielectric mirror.

Reference will now be made in detail to the present
pretkrrd embodiments of the invention, examples of which
are illustrated in the accompanying drawings. Timing now
to the Figures, similar or identical structure is identified by
identical callouts. FIG. 1 is a schematic representation of a
side view of om embodiment of the optical refrigerator of
the present invention. Shown ia disk+hapcd cooling or
working mate~ 10, having one dielectric mirror at each
end, 12 md 14. Mirror 12 ia a broadband mirror to reduce
the amount of radiation impinging upon the obje@ 16, being
ccmled. Mirror 14 is reflectivity tuned to permit only the
higher+nergy Iluore=nce radiation to escape, thereby
increasing the moling efficiency of the rehigerahr. The
interior wal& 18, of cooling chamber, 20, are mated with a
material that absorbs the fluorescence radiation arxl converts
it into heat. The chamber walls, 18, include means (not
shown in Figures) for removing waste hea~ standard tech-
niques arc employed, for example, conduction, radiation, or
heat pipes. Solid line% 22, depict pump photons from Iaaer,
24. The pump light enters the moling material 10 throughan
input hole, 26, in mirror 14. These photona am reflected
between the mirrors until they are abam-bed (denoted by
large black do~ 28). The fluorescence radiation ia depicted
by dashed Lines, 30. If this radiation has sticient energy, it
can escape through the tuned mirror 14, or it can be
reabsorbed. If the fluorescence has lower energy, it will be
reabsmbed by the working material. A small quantity of the
fluorescence radiation may leak through

T
r12audbe

scattered to wall 18 by a mirrored surface, 2, on the base
of the cold finger, 34, which is placed in thermal cmtacl with
the objwt to be cooled 16 through thermal linlG 36. Little
laser pump light exits through the unmated side of the
cylindrical working material because pump light 22 is
internally reflcded thereby since it is incident thereon at low
angles.

FIG. 2 ia a =hematic representation of a side view of a
awxmd embodiment of the optical ccmler of the present
irtventio~ ditTering from FIG. 1 hereof in that the wall
surface 18 opposite reflectivi~-tuned mirror 14 is covered
with photodicdes, 38. These phntodiodes are utilized to
convert the fluomsmnt radiation to electricity, thereby
increasing the optical rehigerator’s efficiency by absorbing
waste fluorescent energy and smving as a source ofelectriml
energy. That & the amount of waste heal that must be
removed from the chamber walls is reduced by the use of
photocells sin= the fluorescence mdiation is now abacmbed
by the photodls. In actual pmcdce, it is anticipated that the
chamber walls will include both highly reflective surfmx
p-tiona and portiona covered with photmlls. In this
manner, some of the fluorescence radiation would directly
impinge upon a photmell, and a significant fraction of its
energy would be mnverted into electricity, while the remain-
der of the fluorescrma would be reflected one or more times
from a reflecting surface and ultimately imp~ upon a
photocell where it would genemte electricity. The electrical
power generated by the photomlls can be used to augment
the power used to drive the laser that genemtea the pump
light for the optical refrigemtor. Converter, 40, ia schemati-
cally depicted as a device h accomplishing this. Therefore,
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6
thenet “wall-plug” efficiency of the optical refrigerator cm
be significantly increaae~ and the waste beat generated at
the laser and at the cooling chamlxr can be reduced.

FIG. 3 is a schematic repre=ntation of a side view of a
third embodiment of the optical cooler of the present inven-
tion illustrating the siluation where cdirtg material 10 is in
the shape of a cub with refleclivit y-tumd dielectric mirrors
14 on five sides. Dielectric mirror 12 remains a broadband-
rek.ctivity mirror to prevent signitlcant amounts of radiation
from impinging upon the object 16 being moled. In this
embodirnen~ higher-energy radiation can escape through all
five sid= mated having reflexivity-tuned mirrmm The five
surtlcea of the cooling chamber tkcing the tuned mirrors
also support photodicdes 38. An advantage of this embodi-
ment is that there are no uncoated surfaces through which
the lower+r.wrgy radiation can escape.

Having generally described the irrventio~ the following
EXAMPLE providea additional details thereof.

EXAMPIX

FIG. 4 shows the charactekics of a commercially avail-
able short-bandpam mirror. Curve a shows the transmission
for normal incidence radiation. The characteristic
wavelength X*, can be chosen in the range 0.8 to 1.4
microns. Curve b is the computed transmission function for
the escaping fluorescence radiation for radiation within 45°
of the norma~ radiation at Larger angles ia trapped by total
internal reflection. When this tilter is used to modify the
fluorescent mdiation from Ybdoped ZBLAFJ glaM (the
material anticipated to be used in the present optical
retiemtor), b mean fluorescent wavelength of the ~p-
iug radiation is motied.

FIG. 5 shows the fluorescent spectrum of the Yb-doped
ZBLAN glass at 75K without the filter. This temperature is
selected since knowrL mmmercially interesting cooling
applications occur at this temperature.

FIG. 6 showa the shifi in the mean fluorescent wavelength
of the aping radiation achieved fdr valum of X* between
1.1 and 1.3 pm (Curve b). l%e a~ of this plot is the
“Recycle Factofl (RF) which is the amount by which
Iluor-nt radiation is reduced by the short-pass filter. The
greater this number, the pester the probability that the
flumwwent radiation will k absorbed and refluoresce before
it cscapcs (and hence the greater the probability for rwra-
diative pro~ to deteriorate the cooling capacity of the
re6igerator). Re@erators having an RF in the rauge
between 10 and lCKIare expected to k practicaL Cwve a
shows the mean fluorescence wavelength shift (Al.) at 75K
using a reflectivi~-tuned mirror as a function of RF.

FIG. 7 shows the change in the device efficiency as a
function of the RF br operation at 75K The efiiency
plotted here is the ratio of optical power to cooling power.
The efficiency at RF=l corresponds to the abwxe of a filter.
This Figure showa that the e5ciency of the retkigemtor
would double by using tuned mirrors having an RF of
30(A*-1.18 pm).

Photocells increase the performance of the optical refrig-
erator by converting some of the fluor~nt mdiation to
electricity. Defining q-l 55 the etliciency for convefing
electricity to light in a semiconductor laser diode and ql+ ss
the efficiency fir converting light to electricity in the
photoce~ the overall improvement in the rehigerator’s
efficiency by utilizing photocells is (l-q& lTIl+)-l.

FIG. 8 shows the axvnxaion efkiencies versus source
wavelength for photomlls for several materiaJs (See, e.g.,
Conference Record of the Twenty-First IEEE Photovoltaic
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Specialist Conferene1990, Vol. 1). 11is =n hat for a light between the dielechic matings of the first fmx and
Yb:ZBLANhsed optical refrigerator with fluorescence the scmnd face; and
near 1 micro~ the light-to+kctricity conversion efficiency
(q,-) ~n be 28% (the sp-citic example of an ytterbium-

(d) means for bringing the object to be cooled into thermal
cmtsd with the dielectric coating on the second fke of

based moler with 1% doping is desaibed in U.S. Pat. No. ~ said working materird.
5,447,032, supra, where the wodring material would be 2. ‘l%e apparatus for cooling so object as described in
about 0.3 cm thick ad the division between high- and
low-energy is near 970 rim). In a rehigerator using other

claim 1, further comprising means for thermally isolating
the object to be mokd and said working material horn

materirds such as Gs&~ the fluorescence may be near external heat sources.
0.85 pm md a Light-to+ kctricity convemion efficiency lo 3. The apparalus for cooling an object 55 &scrikd in
(q,.,) can b 57%. ‘fhe electricity-to-light efficiency of claim 1, wiwein said working material is substantially
diode lasers in current commercial devices is >50%, and cylindrically shaped.
66% has been achieved in the laboratory (&e., e.g., Lass-r 4. ‘he apparatus for mcding an object as described in
Focus World 33, 15 (Jan. 1997)). Using the latter value, the claim 3, wherein the height of said cylinder is chosen such
imxmporation of photocdls would increase the elliciency of
a Yb:=I.AN optical refrigerator by 23%. For refrigerators

~~ that the probability that a fluorescam photon is absorbed in
traversing the thickness of the cylinder is less than atmut 0.4.

using materials that fluoresce near 0.85 w photocells could 5. ‘l%e apparatus for cooling an object as described in
increase. the efficiency by 62%, and the lrxal.ly produced claim 4, wherein the ratio of the diameter to the height of
heat at the moling chsndxr waJls is reduad by q1>57%. said cylirrdrially shaped worhg material is greater than

‘fhe foregoing desxiption of the invention has beerr ~ about five.
pre=nted for p-s of illustration and description and is 6. ‘l%e apparatus km cooling an object as described in
not intended to be exhaustive or to limit the invention to the claim 1, further mmprising photocells disposed facing the
precise form disclosed, and obviously many modifications dielectric coating on the Iirst fice for absorbing fluorescen~
and variations are pcmlkde in light of the almve teaching. exiting from said working materi~ whereby electric.il
The embodiments were chasm d described in order to ~ energy is generated.
b=t explain the principles of the invention md its practical 7. The apparatus for cooling an object p de=ribed in
application to thereby emble others skilled in the art to best claim 1, wk.rein the dielectric coating on the first face has
utilize the invention in various embodiments and with a reflixtivity at the chmen wavelength ZO.999, a trrmsmis-
vsrious modifications as are suited to the particular use sion for the high+ nergy portion of the fluomn= spec-
contempls~d. It is intended that the smpe of the invention ~ trum Z80%, and a reflectivity for the 10Wer-enew portion
be defined by the claims appended hereto. of the fluorescent spectrum Z90%.

What is claimed is: 8. An apparahrs for aoliog so object, which mmprises in
1. A apparatus h cooling so objec~ which comprises in combination:

mmbination:
(a) means for generating substmtially monochromatic ~~

light having a chosen wavelengt~
(b) a worbng material having atoms wi~ energy levels

such that at most a small number of energy levels in an
excited state thereof are directly excited by the chcsen
wavelength of light from the ground energy level of the 40
ato~ such that the energy levels in the excited state
which are rml diredly excited have m energy spacing
whereby they thermally redistribute, md such that
fluorescence to the ground state can preferentially
occur from the tirmally redistributed ewgy levels, 45

whereby the average fluor-nce wavelength to the
ground state level is shmter than the chmen wavelength
of light, said working material further having a 6rst
dielech-icaa@ substantially flat face and a semnd
diekctric+mate~ substantially flat fkce spaced apart so
from and substantially parallel to the 6rst face, wherein
the distmcc between the 6rst fsm and the second face
is chosen such that the optical depth fir the fluor=-
cence therebelw=n is smsl~ and wherein the diekctric
costing on the bt fs= is highly reflective for the 55
chosen wavelength of light while having significant
transmission for the shorler fluorescence wavelengths
and high relledivity for the longer wavelengths thereo~
whik the dielectric coating on the semnd face is highly
reflective at wavelengths which include that of the so
chosen wavelength of light aod the wavelengths of the
fhroresance;

(c) means fir directing the light into said working mate-
rial t.bmugb an unmated portion of the fit face such
that the optical patldengtb of the light within said S5
working material between the 6rst thee and the seeond
face is large as a result of multiple relktions of the

(a) means fix generating substantially monochromatic
light having a chmen wavelength;

(b) a working material having atoms with energy leveis
such that at most a small number of energy levels in an
excited state thermf are directly excited by the chosen
wavelength of light from the ground energy level of the
atom such that the energy levels in the excited state
which are not directly excited have an energy spacing
whereby they thermally redistribute, and such that
fluorescence to the ground state can preferentially
occur from the thermally redidributed energy Ievels,
whereby the average fluorescence wavelength to the
ground state kvel is shorter than the chosen wavelength
of ligh~ said working material further having at least
one first diekctricaat~ substantially flat tlce and a
second dielectric-coat@ substantially flat fa=, the
second dielectric-mated face being spaced apart from
and substantially parallel to one tirst faa of the at least
one first b- wherein the distanm between the at least
one 6rst face and the- second face parallel thereto is
chosen such that the optical depth for the fluoresce.nw
therehetween is small, and where-m the dielectric mat-
ing on the at kast one 6rst face is highly reflective for
tie chosen wavelength of light while having signilkanl
txsrrsmtion for the shorter fluorescence wavelengths
and high reflectivity for the longer wavelengths thereof,
while the diekctric mating on the =nd face is highly
reflective at wavelengths which inclu& that of the
chose.n wavelength of light and the wavelengths of the
fluorescent;

(c) means h directing the I@ into said working mate-
rial through an unmated ption of the one tirst fs~ of
the at least one first fscss which is suktsntislly parallel
to the second fsm such that the optical pathlengtb of the
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light wilhin said working malerial between he one liral
thee of the at leaat one fkst faces and the second face
is large as a result of multiple reflections of the light
between the dielectric coatings of the one ht face of
the at least one first bees and the second face; and

(d) means for bringing the object to be ccmled into thermal
con(act with the dielectric coating on the second fam of
~d working material.

9. The apparatus for cooling an object as desaibed in
claim 8, further comprising means for thermaUy isolating
the object to k ccmled and said worldng material tlom
external heal sources.

10. ‘l%e apparatus for rxmling an object as described in
claim 8, wherein said working material is substantially abe
Sbapcd.

11. ‘l%e apparatus for cooling an object as d-ribed in
claim 10, wlwein the distance between the one tittiffiof

the al least one frrst faces which is substantially parallel to
the semnd fam and the mud face is chosen such that the
probability that a fluorescence photon is absorbed in tra-
versing the tlriclme~ of the cylinder ia Ies than abut 0.4.

5 U. The apparatus for cooling an object as described in
claim 8, further comprising photocells disposed facing the
dielectric madng on tie at least one fimt llce for absorbing
fluorescence exiting from said working materia~ whereby
electrical energy is generated.

10 13. The apparatus for cding an ctrject as dewibed in
claim 8, wherein the dielectric coating on the at least one
first face has a reflectivity al the chnsen wavelength ZO.999,
a transmission fix the high-energy portion of the fluores-
cence spectrum Z80%, and a reflectivity h the lower-

15 energy ption of the tluoresm.nt spectrum Z90%.

*****


